A novel secretory cell type in the initial segment of the Malpighian tubules of the locusts Schistocerca gregaria and Locusta migratoria is described ultrastructurally and studied by means of immunocytochemical techniques. The cells show abundant rough endoplasmic reticulum with interspersed Golgi zones. The richness of the cell secretory machinery and the presence of apical dense pleomorphic granules suggest a role in secretion of proteinaceous material to the tubule lumen. The surprising finding of ACTH (1-24)-, ~-MSH-, and 7B2-1ike immunoreactivity for this cell is discussed.
The Malpighian tubules are the main excretory organs of insects. They consist of blind-ended, single-layered epithelial tubules that empty waste products into the gut. The urine is initially formed in the tubules, by a process of filtration from the hemolymph. The useful molecules are subsequently reabsorbed from the primary excreta at the hindgut and rectal ampullae. Reabsorption of useful substances may also be initiated by the action of cells in the Malpighian tubules (for review of the insect excretory process, see Maddrell 1980; Phillips 1981; Bradley 1985; Phillips et al. 1988) . Malpighian tubules are well known models for the study of basic mechanisms and functional-morphological relationships of ion-and metabolite-transporting epithelia, hence the necessity of a detailed knowledge of the morphological traits of the cells in these tubules. A close relationship between tubule cell morphology and function has been shown in several insect species (Maddrell and Phillips Offprint requests to: L.M . Montuenga 1975; Green 1979; Szibbo and Scudder 1979; Meredith et al. 1984; Cooper et al. 1989 ). The morphological characterization of Malpighian tubule cells is particularly important for insect species that are common experimental models in physiological studies. The desert and migratory locusts (Schistocerca gregaria and Locusta migratoria, respectively) are traditionally used for physiological studies of the tubules (Phillips 1981; Phillips et al. 1988 ) and for research on hormonal regulation of diuresis (Phillips 1983) . In previous reports (Alba et al. 1983; Montuenga et al. 1985) , we have briefly described the general morphology of the Malpighian tubules of the desert locust S. gregaria. We showed that the tubules of this species have three main segments: distal, medial, and proximal (to the gut). The tubules drain into the midgut-hindgut junction through several ampullae. Several cell types comprising the different regions were described in the cited papers: principal cells, stellate cells, mucocytes, and granular cells in the tubules, as well as secretory cells and endocrine cells in the ampullar system. Our ensuing observations showed no relevant morphological differences between the Malpighian tubules of S. gregaria and L. migratoria. In a later study, Garrett et al. (1988) also studied the ultrastructure of the principal and stellate cells in S. gregaria. In order to gain a better understanding of the excretory phenomena and the processes involved, a complete picture of the histological features of the tubules is required. This is especially important for the interpretation of physiological experiments that use the whole length of the tubule, semi-isolated tubules, or whole gut-tubules for in vitro measurements (see review by Wheeler and Coast 1990) .
The object of the present study was a further characterization of the granular cell of the Malpighian tubules of two locust species. Apart from ultrastructural and classical histological techniques, we have performed immunocytochemicM tests with antibodies directed against regulatory peptides. To the best of our knowledge, apart from our preliminary reports, there is no other mention or description of this granular cell type in insects.
Materials and methods
Seventeen Locusta migratoria and fifteen Sch&tocerca gregaria adults were used for this study. Oothecae were supplied by Blades Biologicals (Edembridge, Kent, UK). After eclosion, the insects were reared in different cages in our laboratory according to Barras (1964) at 28 ~ C and a 20-h light cycle. To prevent amoebic infections, trimetoprime was added to the food, consisting of grass, lettuce, and chopped carrots.
Animals were killed by decapitation and dissected under a
Ringer solution isotonic to S. gregaria hemolymph (Mordue 1969 ).
The whole gut was removed, along with the attached Malpighian tubules. The Malpighian tubules from half of the specimens were fixed in Bouin's fluid for 24 h and embedded in paraffin. Sections (4 gm in thickness) were stained with haematoxylin and eosin, Masson's trichrome, periodic acid-Schiff (PAS) reaction and methyl green-pyronine. The Malpighian tubules from the rest of the specimens were processed for plastic embedding. Fixation was accomplished by immersion in 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) at 4 ~ c for 6 h. Following a 16-h wash in 0.1 M cacodylate buffer and 0.25 M sucrose (1:1) at 4 ~ C, the tissues were postfixed in 1% phosphate-buffered OsO4. After dehydration through ethanols and treatment with prophylene oxide, the tissue was embedded in Epon 812 (Luft 1961) . Some of the samples were not postfixed with OsO4 to carry out the Giemsa staining (Diaz de Rada et al. 1986 ). Semithin sections (1 ~tm in thickness) were stained with methylene blue in borate buffer. The Grimelius technique for argyrophilia was applied using the modifications recommended by Ldpez et al. (1983) . By inspection of semithin sections, suitable fields were selected for ultrathin sections which were stained with uranyl acetate and lead hydroxide and observed under a Zeiss EM 10CR electron microscope. To correlate ultrastructure with light-microscopic observations, serial semithin/thin sections were produced. Paraffin sections (4-6 gm in thickness) were treated with the avidin-biotin complexes (ABC) technique according to Hsu et al. (1981) . After deparaffination with xylene, blockage of endogenous peroxidase was achieved by treatment with 3% H202 in methanol.
Sections were hydrated through alcohols and then placed in 0.55 M TRIS-buffered saline (TBS) at pH 7.4. Unspecific binding sites were blocked with 5% swine immunoglobulins in TBS. Sections were incubated overnight at 4 ~ C with primary rabbit antiserum (see Table 1 ). After rinsing in TBS (5 rain) the sections were incubated with biotinylated swine serum directed aginst rabbit immunoglobulins (E353; DAKOPATTS, Glostrup, Denmark) for 30 min at room temperature. Following a second rinse in TBS, the sections were treated with avidin-biotin peroxidase complexes (K355; DAKOPATTS) prepared 30 rain in advance. After additional washes, peroxidase was demonstrated by the diaminobenzidine/ H202 method (D-5637; Sigma Chemical Company, St. Louis, MO., USA).
All primary antisera used in this study were obtained from rabbits. Twenty-three antisera against neuroendocrine regulatory peptides have been tested (Table 1 ). The anti-ACTH (1-39) antibody was directed against whole synthetic porcine ACTH. Radioimmunoassay studies showed a partial (50%) cross-reactivity with human ACTH (1-24). The antibodies to ACTH (1-24) were directed against the human sequence. When there were positive results, liquid phase absorption controls were carried out by incubation of the primary antibody with an equivalent or related peptide (10 nmol peptide per ml diluted antibody) overnight at 4 ~ C. All peptides used for these controls were synthetic. Negative controls (omission of any of the layers of the immunocytochemical protocol and use of non-immune goat serum as first layer) were also performed, giving negative results.
The assessment of the relative frequency of granular cells was performed in the initial segment of the tubules, that is, in the part of the proximal region where granular cells are present (see Alba et al. 1983 ). All nuclei belonging to granular cells were counted and compared to the total number of nuclei in this segment. When two nuclei of a cell were sectioned, both were counted. 
Results
The granular cells of the Malpighian tubules of the desert locust are found in the proximal segments of all tu- bules, scattered among the non-granular, principal-like cells. They are only located in the initial segment, the subregion of the proximal segment which is contiguous with the connection to the ampulla ( Fig. 1 ) and about 0.5-0.6 mm long. The estimated number of cells per tubule is 11_ 1 (i.e., about 2200 cells per adult locust).
As a way to assess the relative volume occupied by this cell type in the initial segment, nuclei can be counted, since all cell types in this segment have approximately the same volume. Granular cell nuclei constitute 19 _+ 2% of the total nuclei in Schistocerca gregaria and 20_+ 1% of the total nuclei in Locusta migratoria. These percentages do not constitute a significant difference between the two species ( P = 0.39). In paraffin sections, the cells are clearly revealed by the methyl green-pyronine technique (Fig. 2) which shows that the cells are pyroninophilic, especially in their basal and perinuclear regions. The PAS reaction did not stain granular cells, whereas mucocytes were clearly positive. The cells are cuboidal and usually mononucleate. Their spherical nuclei are moderately euchromatic. In semithin sections stained with methylene blue, the cells are darker than their neighbours and easily distinguishable owing to the presence of dense cytoplasmic granules, particularly in the apical region (Fig. 3) . The granules stain dark violet with Giemsa stain and are argyrophilic with the Grimelius technique (Fig. 4) . Microvilli are clearly seen in semithin sections (Figs. 3, 4) , although the brush border is less apparent than the one on neighbouring cells. Granules have never been observed in the tubule lumen.
Immunocytochemical tests with anti-adrenocorticotropic hormone (ACTH) (1-24) and anti-~-melanocyte stimulating hormone (e-MSH=N-acetylated and amidated A C T H (1-13)) gave positive results on the granular cells (Fig. 5) . Immunoreactivity for the antibody directed against c~-MSH was always weaker than for those against A C T H (1 24). Results of absorption controls are shown in Table 2 . By staining serial sections with methyl green-pyronine and immunocytochemical techniques, we have proved that the immunoreactive population for A C T H (1 24) and c~-MSH corresponds exactly to the granular cell population (Fig. 2) . We have tested 19 other antibodies against regulatory peptides and related molecules (Table 1) with negative results. Among them were antibodies for mammalian pro-opiomelanocortin (POMC) and A C T H (1-39). 7B2-like immunoreactivity was also found in the same cells (Fig. 6) .
Ultrastructurally, the granular cells show abundant rough endoplasmic reticulum with interspersed Golgi zones. These structures occupy most of the basal and perinuclear cytoplasmic volume of the cell (Figs. 7, 8 ). Numerous spherical (790 + 17 nm [mean_+ SEMI in diameter), ovoid (1170 + 60 x 430 • 20 nm), and irregular membrane-bounded granules are present, being especially abundant in the apical region (Figs. 7-9 ). The electron density of the granules is variable. The matrix of some granules may contain a central, crystalline structure (Fig. 10) . The variability in electron density is especially marked at the Golgi areas, where very pale-to-dense granules can be observed (Fig. 9) . All granular cells have microvilli at their luminal faces and membrane infold- Fig. 7) . At the apical surface, between the microvilli, invaginations of the cell membrane and electron-lucent vesicles are observed (Figs. 8, 11 ). Granular cells attach to adjoining cells by means of apicolateral zonulae adherentes, lateral septate junctions (Figs. 11, 12) , and extensive interdigitations (Fig. 8) . Basolateral infoldings of the plasma membrane are also present (Figs. 8, 13 ), but not as well developed as in the neighbouring non-granular cells. No gap junctions have been observed. Three layers are distinguished in the basement membrane (Fig. 14) . The inner layer is moderately electron-dense, while the middle 
Discussion
Although it is known that the Malpighian tubules of Locusta migratoria (Martoja 1956 ) and Schistocerca gregaria (Alba et al. 1983; Montuenga et al. 1985) are comprised of several regions and different cell types, the detailed morphology and physiological role of each cell are not completely established. Bell and Anstee (1977) studied only the principal cells, and Martoja (1961) and Charnley (1982) described the mucocytes. Garrett et al. (1988) acknowledged the existence of three regions; nevertheless, they do not mention the mucocytes. None of these authors refer to the granular cells.
So far, others have not reported the presence of granular cells in the Malpighian tubules of insects. Sohal (1974) reported a cell type in the Malpighian tubules of the housefly Musca domestica with abundant granular endoplasmic reticulum and dense cytoplasmic granules. On the basis of its ultrastructure, this cell does not seem to be equivalent to the one described here: the granules are less abundant, only spherical in shape, and more electron-dense. Furthermore, the possible pigmentary or lipidic nature of the granule contents makes any correspondence rather unlikely. Fresh locust Malpighian tubules do not show any pigmentation when observed under the dissecting microscope. It is unlikely that the granules of the locust cells contain lipid, as they are not dissolved in the alcohols during dehydration for wax embedding.
The exact physiological role of the granular cell is unknown. Its ultrastructural pattern suggests a function in the exocrine secretion of proteinaceous material. The contents of the electron-dense granules would be released to the lumen. Some of the surface membrane invaginations described could be micropinocytotic vesicles, but others are more likely the remains of recently released granules. Further experimental studies must clarify this secretory process. In two recent studies on the secretory pathways of an insect cell type (Lehane 1989; Jansen et al. 1989) , it has been stressed that the features of secretory cells are poorly understood in insects. The secretory product of the granular cell could be a peptidic enzyme. Enzymatic digestion of the primary excreta at the end of the tubule could be achieved by this secretion. Owing to the location of the cells, the digestive processes could also take place in the lumen of the ampullae or even in the gut. Although, as far as we know, there is no report of the presence or activity of digestive enzymes in the primary excreta produced by the Malpighian tubules, the data presented by Ferreira et al. (1990) , Thomson etal. (1988) , and Terra (1988 and Terra ( , 1990 suggest some physiological interaction between the fluid secreted by the Malphighian tubules and the digestive enzymes in Orthoptera.
The results of the immunocytochemical tests and absorption controls are far more difficult to interpret and permit only tentative conclusions about the function of the granular cells. The only explanation that can be drawn is that there are one or two molecules in these cells that cross-react with antibodies against the first 10 (N-terminal) amino acids of ACTH (1-24) and with an antibody against amino acids 23-39 of mammalian 7B2. The immunocytochemical cross reaction does not imply that the recognized antigens are real ACTH-or 7B2-1ike peptides, but molecules that are recognized by the above mentioned antibodies that could share as few as 3-4 homologous amino acids.
In vertebrates, ACTH-related peptides have been already detected in extrapituitary sites including the brain (Krieger et al. 1977; Larsson 1977 ) and the gastrointestinal tract and pancreas (Larsson 1977 (Larsson , 1978 . ACTH-like immunoreactivity has also been reported in insects (Veenstra etal. 1985; Schols etal. 1987) . In all cases, insect ACTH-like immunoreactivity was restricted to neurons, nervous fibres, and gut endocrine cells. The negative reactions found in our study with anti-mammalian POMC and the antibody against the whole ACTH molecule (1-39) could be explained by these antisera against the larger sequences being unable to recognise the shorter N-terminal ACTH-like reactive molecules in the granular cells. A more plausible explanation of this phenomenon could be that differences in tertiary conformation of the peptides to which the antibodies were raised could lead to differences in the accessibility of some epitopes.
As far as we know, this is the first report of 7B2-1ike immunoreactivity in insects or in invertebrates. 7B2 is a protein expressed in several neuroendocrine tissues (Seidah et al. 1983; Iguchi et al. 1984; Suzuki et al. 1985 Suzuki et al. , 1986 . At present, the exact physiological role of 7B2 in mammals, where it was first isolated, remains obscure. The 7B2-1ike immunoreactivity reported here argues for the evolutionarily conserved nature of the fragment of the sequence of the peptide (23 29) to which the antibodies were raised. Comparison between the whole sequences of 7B2 of mammals and amphibians shows a high degree (80-83%) of conservation (Ayoubi et al. 1990) . It is therefore not surprising that 7B2-1ike immunoreactivity is present in an earlier step of evolution. The coordinated expression of POMC-derived ~-MSH and 7B2 has recently been reported for the melanotrope ceils of the intermediate pituitary lobe of Xenopus laevis (Ayoubi et al. 1990 (Ayoubi et al. , 1991 . The colocalization in the insect granular cells of c~-MSH-and 7B2-1ike immunoreactivity supports a conservation along the evolution of this possible relation between peptides.
The functional interpretation of the 7B2-and ACTHlike immunoreactive material in an exocrine cell type is not easy. The only plausible inference from our data is that this/these molecule(s) structurally related respectively to 7B2 and to the 10 N-terminal amino acids of ACTH are probably involved in the secretory process of the granular cell. The synthesis, accumulation, and release to the lumen of the Malpighian tubules of an ACTH (1-10)-like molecule, functionally homologous to the active peptide produced in the corticotropic cells of the mammalian pituitary, is improbable. On the other hand, although some locust diuretic hormones identified from the storage lobes of corpora cardiaca have been shown to be ACTH-immunoreactive (Rafaeli et al. 1986 (Rafaeli et al. , 1987 , the potent secretory machinery of this cell and the lack of basolateral endocytotic profiles do not seem to support the alternative process of peptide recapture from the hemolymph. The functional significance of the molecules detected in the present report has thus to be clarified with further experimental studies.
